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to microtubule minus ends 
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ABSTRACT 

mRNA transport coupled with translational control underlies the intracellular localization of many proteins in eukaryotic cells. 
This is exemplified in Drosophila, where oskar mRNA transport and translation at the posterior pole of the oocyte direct 
posterior patterning of the embryo, oskar localization is a multistep process. Within the oocyte, a spliced oskar localization 
element (SOLE) targets oskar mRNA for plus end-directed transport by kinesin-1 to the posterior pole. However, the signals 
mediating the initial minus end-directed, dynein-dependent transport of the mRNA from nurse cells into the oocyte have 
remained unknown. Here, we show that a 67-nt stem-loop in the oskar 3' UTR promotes oskar mRNA delivery to the 
developing oocyte and that it shares functional features with the fs(1)K10 oocyte localization signal. Thus, two independent 
c/s-acting signals, the oocyte entry signal (OES) and the SOLE, mediate sequential dynein- and kinesin-dependent phases of 
oskar mRNA transport during oogenesis. The OES also promotes apical localization of injected RNAs in blastoderm stage 
embryos, another dynein-mediated process. Similarly, when ectopically expressed in polarized cells of the follicular epithelium 
or salivary glands, reporter RNAs bearing the oskar OES are apically enriched, demonstrating that this element promotes 
mRNA localization independently of cell type. Our work sheds new light on how oskar mRNA is trafficked during oogenesis 
and the RNA features that mediate minus end-directed transport. 
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INTRODUCTION 

Early development of the transcriptionally silent Drosophila 
melanogaster embryo relies on maternal gene products de- 
posited in the egg during oogenesis. The determinant 
patterning the posterior structures, the abdomen and germ- 
line, is Oskar protein, whose activity is spatially restricted to 
the posterior pole of the embryo (Lehmann and Nusslein- 
Volhard 1986). Embryos lacking Oskar fail to develop an ab- 
domen and germline, whereas ectopic expression of Oskar 
at the anterior causes formation of germ cells and abdomi- 
nal structures in place of the head (Lehmann and Nusslein- 
Volhard 1986; Ephrussi and Lehmann 1992; Smith et al. 
1992). The localized pool of Oskar protein present in the syn- 
cytial embryo is generated during oogenesis by oskar mRNA 
localization and local translation at the posterior pole of 
the oocyte (Ephrussi et al. 1991; Kim-Ha et al. 1991, 1995; 
Markussen et al. 1995; Rongo et al. 1995). 
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The Drosophila oocyte develops within an egg-chamber 
consisting of germline cells surrounded by a somatic follicu- 
lar epithelium. Oogenesis has been divided into 14 develop- 
mental stages (King 1970). Through four rounds of mitosis 
with incomplete cytokinesis, a germline stem cell gives rise 
to one oocyte and 15 nurse cells. Throughout the course of 
oogenesis, the 16 germline cells remain interconnected by 
ring canals and share a microtubule cytoskeleton that allows 
the transport of molecules between cells in the cyst (for re- 
view, see Bastock and St Johnston 2008). During early oogen- 
esis, oskar mRNA is transcribed in the nurse cells and 
subsequently enriched in the oocyte, where the mRNA is de- 
tected from stage 2 onward. At mid-oogenesis, oskar mRNA 
localizes briefly at the anterior margin of the oocyte (stages 
7-8), then is enriched transiently in the center of the oocyte 
(stage 8), and finally accumulates at the posterior pole (stage 
9) (Ephrussi et al. 1991; Kim-Ha et al. 1991). Oskar protein is 
detected from stage 9 onward, when oskar mRNA is within 
the posterior domain, and both molecules remain localized 
at the posterior pole until early embryogenesis (Kim-Ha 
et al. 1995; Markussen et al. 1995; Rongo et al. 1995). After 
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stage 9, oskar mRNA and Oskar protein continue to accumu- 
late at the posterior pole, and this late phase of Oskar accu- 
mulation is important for proper patterning of the embryo 
(Snee et al. 2007; Sinsimer et al. 201 1). The transport of oskar 
mRNA from the nurse cells into the oocyte is an essential first 
step toward production of Oskar posterior patterning ac- 
tivity; this process is also a prerequisite for female gamete 
production, as oocytes lacking oskar RNA arrest their devel- 
opment prematurely due to a noncoding function of this 
transcript (Jenny et al. 2006). 

In eukaryotes, intracellular mRNA localization by active 
transport involves the cytoskeleton and associated motor 
proteins (for review, see Medioni et al. 2012). In Drosophila, 
the microtubule cytoskeleton has the major role in mRNA lo- 
calization. Feeding flies with the microtubule depolymerizing 
drug colchicine results in accumulation of oskar mRNA in the 
nurse cells and its failure to enrich in the oocyte in stage 2-7 
egg-chambers (Theurkauf et al. 1993; Pokrywka and Ste- 
phenson 1995). Treatment of mid-oogenesis egg-chambers 
with colchicine causes the mRNA to detach from the poste- 
rior pole (Theurkauf et al. 1993; Pokrywka and Stephenson 
1995). Therefore, an intact microtubule cytoskeleton is re- 
quired for oskar mRNA localization during early and mid- 
oogenesis. The accumulation of oskar mRNA during late 
oogenesis likely involves mechanistically distinct pathways 
and requires prelocalized oskar mRNA, Oskar Protein, and 
additional factors such as Rump and Lost (Glotzer et al. 
1997; Jambor et al. 2011; Sinsimer et al. 2011). 

During early oogenesis, the microtubule organizing cen- 
ter (MTOC) of the germline syncytium is restricted to the 
oocyte, and the microtubules that nucleate within this cell 
extend through the ring- canals into the neighboring nurse 
cells (Theurkauf et al. 1993); at mid-oogenesis, the micro- 
tubule network is reorganized such that the bulk of the mi- 
crotubules nucleate at the anterior cortex and extend toward 
the posterior pole of the oocyte (Theurkauf et al. 1992; 
Parton et al. 201 1); a distinct array of microtubules that em- 
anates from a nuclear membrane-localized MTOC positions 
the oocyte nucleus at an antero-lateral position in the oo- 
cyte (Januschke et al. 2006; Zhao et al. 2012). Consistent 
with these observations, Nod-(3gal, a reporter of microtubule 
minus ends also enriches in the oocyte in young egg- cham- 
bers, whereas during mid-oogenesis, it is detected at the 
oocyte anterior, while Kinesin- (3gal, a reporter of microtu- 
bule plus ends, is enriched at the posterior pole (Clark 
et al. 1994, 1997). Thus, the distribution of oskar mRNA in 
the oocyte during the early stages and its anterior localiza- 
tion at stage 8 are consistent with microtubule minus end-di- 
rected transport. 

In support of this notion, it has been shown that oskar 
mRNA accumulation in the early oocyte is dependent on 
the major minus end-directed motor cytoplasmic dynein: 
oskar mRNA colocalizes with the dynein complex proteins 
Dynein heavy chain (Dhc), Bicaudal D (BicD), and Egalitar- 
ian (Egl) in the oocyte of young egg-chambers, and disrup- 



tion of these factors affects oskar mRNA transport into the 
oocyte (Ephrussi et al. 1991; Suter and Steward 1991; Mach 
and Lehmann 1997; McGrail and Hays 1997; Swan et al. 
1999; Clark et al. 2007). In contrast, mutations in Kinesin 
heavy chain (Khc), which encodes the motor component of 
kinesin- 1, do not affect accumulation of oskar mRNA in 
the early oocyte. However, they specifically abrogate the pos- 
terior localization of the mRNA at stage 9 (Brendza et al. 
2000; Cha et al. 2002; Parton et al. 2011), which is thought 
to result from the random, yet slightly biased movement of 
oskar mRNA to the posterior pole that presumably reflects 
the mild polarity bias of microtubules in that region (Zimya- 
nin et al. 2008; Parton et al. 201 1). Taken together, these data 
provide evidence that the microtubule- dependent trans- 
port of oskar mRNA from the nurse cells into the oocyte de- 
pends on dynein, whereas posterior localization following 
entry into the oocyte involves kinesin- 1. 

The as-regulatory signals responsible for targeting local- 
ized transcripts (so-called zipcodes) (Singer 1993) are recog- 
nized by specific RNA binding proteins that coassemble 
with the RNA to form localization-competent RNPs associat- 
ed with motor proteins. RNA zipcodes typically comprise 
features in primary sequence and/or secondary and tertiary 
structure (for review, see Martin and Ephrussi 2009; Bullock 
et al. 2010). In Drosophila, a few zipcodes active during 
oogenesis have been identified, such as the GLS of gurken 
mRNA (Van De Bor et al. 2005) and the BLE1 of bicoid 
mRNA (Macdonald et al. 1993; Macdonald and Kerr 
1998). Another well-characterized localization signal is the 
44-nt-long RNA stem-loop structure of fs(l )K10 that medi- 
ates oocyte enrichment and is sufficient to promote transport 
of unrelated RNAs into the young oocyte (Cohen et al. 2005; 
Bullock et al. 2010). Interestingly, the fs(l )K10 signal is active 
both in the oocyte and syncytial blastoderm embryos, where, 
upon injection, RNA comprising the signal is transported 
apically to the microtubule minus ends in a BicD- and Egl- 
dependent manner (Bullock and Ish-Horowicz 2001). Simi- 
larly, when expressed in the female germline, hairy mRNA, 
which localizes apically in the embryo, is targeted to the de- 
veloping oocyte (Bullock and Ish-Horowicz 2001). Hence, 
RNA zipcodes for minus end- directed transport are recog- 
nized by motor complexes active both in egg-chambers and 
embryos. 

oskar mRNA transport to the posterior pole requires the 
oskar 3' UTR and splicing of the first intron (Hachet and 
Ephrussi 2004). Splicing of this intron creates a short RNA 
stem-loop structure, the spliced oskar localization element 
(SOLE), in which complementary nucleotides of exons 1 
and 2 are juxtaposed, forming a posterior targeting signal 
(Ghosh et al. 2012). Unspliced (and spliced) oskar mRNAs 
can also localize at the posterior pole by hitchhiking with ac- 
tively transported oskar transcripts (Hachet and Ephrussi 
2004). Hitchhiking involves direct RNA-RNA interaction be- 
tween different oskar RNA molecules, via the terminal loop of 
a stem-loop structure (the dimerization domain) in the oskar 
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3' UTR (Jambor et al. 2011). Using a genetic combination 
that results in flies entirely lacking endogenous oskar RNA, 
Hachet et al. demonstrated that the 3' UTR alone can enrich 
in the oocyte and that the rest of the mRNA, including the 
SOLE, is dispensable for this initial transport step (Hachet 
and Ephrussi 2004). However, the exact nature of the RNA 
signal responsible for oskar mRNA enrichment in the oocyte 
has remained elusive. Identification and detailed characteri- 
zation of the oskar oocyte entry signal would not only shed 
light on the molecular mechanisms underpinning axial pat- 
terning in Drosophila but would also contribute to under- 
standing the general RNA features that underlie transport 
of mRNAs in eukaryotic cells. Indeed, a genome-wide in situ 
hybridization screen has revealed the remarkable prevalence 
of transcript localization in embryos, including a large num- 
ber of transcripts enriched at the minus ends of microtubules 
(Lecuyer et al. 2007). 

Here, we identify a signal in the oskar 3' UTR, the oskar 
oocyte entry signal (OES), that is critical for mRNA transport 
into the oocyte. We provide evidence that secondary struc- 
tural features and an AU-rich base-pair 
composition of this RNA segment are 
important for its mRNA transport func- 
tion. Furthermore, we demonstrate that " 
the OES also promotes apical mRNA 
enrichment in follicular epithelial cells, 
in blastoderm-stage embryos, and larval 
salivary glands. It was previously dem- 
onstrated that dynein mediates apical 
mRNA localization in follicular epithe- 
lial cells and in blastoderm embryos 
(Wilkie and Davis 2001; Horne-Bado- 
vinac and Bilder 2008; Li et al. 2008). 
Thus, our data indicate that, in addition to 
the SOLE, which mediates posterior local- 
ization within the oocyte, oskar mRNA 
harbors a dedicated signal, the OES, that 
promotes dynein-based mRNA accumu- 
lation in the oocyte. 



portion of the 3' UTR was required for enrichment of oskar 
in the oocyte (Kim-Ha et al. 1993). While subsequent exper- 
iments revealed that the same region contains an RNA dime- 
rization element that mediates reporter RNA hitchhiking 
with endogenous oskar transcripts to the posterior pole, 
this hitchhiking element did not appear to be involved in oo- 
cyte accumulation of oskar mRNA (Jambor et al. 2011). 
Hence, it was important to determine the exact signal medi- 
ating transport of oskar mRNA from the nurse cells into the 
oocyte. 

It was previously shown that the 3' UTR is sufficient 
for oskar mRNA accumulation in the oocyte (Jenny et al. 
2006). To identify the minimal region mediating this ear- 
ly transport step, we generated transgenic flies expressing 
variants of the full-length oskar 3' UTR (Fig. 1A) fused to 
the open reading frame of Enhanced Green Fluorescent 
Protein (EGFP). Expression of this construct was under the 
control of a yeast UAS that can be activated by the transcrip- 
tion factor GAL4 expressed in a tissue-specific manner. The 
egfp sequences allow assessment of the localization of the 
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RESULTS AND DISCUSSION 

A fragment of the oskar 3' UTR 
mediates RNA enrichment 
in the oocyte 

Like oskar mRNA, several transcripts, in- 
cluding bicoid, gurken, and fs(l)K10, are 
enriched in the developing oocyte at stag- 
es 2-6. The exact ds-regulatory signals 
mediating import oifs(l)K10 and bicoid 
mRNAs into the oocyte have been char- 
acterized (Macdonald et al. 1993; Serano 
and Cohen 1995; Macdonald and Kerr 
1998). An early study suggested that a 
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FIGURE 1 . The central portion of oskar 3' UTR is necessary and sufficient for oocyte transport. 
(A) Schematic representation of the reporter constructs analyzed in this panel and their ability to 
localize to the oocyte portion of stage 5-6 egg-chambers. Red rectangle: region 2b encompassing 
the oocyte entry signal (OES), gray rectangle: TLS of/s( 1 )K10. Numbers indicate nucleotide po- 
sitions within the oskar 3' UTR. (B-K) Stage 5-6 egg-chambers from oskar RNA null flies (osk 87 / 
Df(3R)p X1103 ) expressing transgenic oskar 3' UTR variants fused to the egfp open reading frame 
and under the control of a yeast UAS. Reporter mRNAs were expressed by pCog-Gal4 and nos- 
Gal4 drivers and detected by fluorescent in situ hybridization with an eg/p-antisense probe. 
The asterisk indicates the position of the oocyte nucleus. Bar, 30 |im. The effects on localization 
shown were fully penetrant in all scored egg-chambers (n > 20). Reporter mRNAs were fused to: 
the complete oskar 3' UTR (£); region 1 + 2 (C); region 2 + 3 (D); region 1 (£); region 3 (F); re- 
gion 2(G); region 2b + 3 of the oskar 3' UTR (H); the complete oskar 3' UTR bearing a deletion of 
region 2b (7); region 2b of the oskar 3' UTR (/); region 3 fused at its 5' end to the TLS of/sf 1 )K10 
mRNA (if). (L,M) Experimentally validated secondary structures of the 44-nt-long TLS of/sf 1 ) 
KlOmRNA(L) (Bullock et al. 2010) and of the 67-nt-long OES of oskar mRNA (M) (Jambor etal. 
2011). 
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reporter RNA variants by fluorescent in situ hybridization. 
oskar mRNA contains a dimerization domain that promotes 
intermolecular RNA:RNA interaction in vitro and posterior 
localization of transcripts lacking the SOLE by "hitchhiking" 
with endogenous oskar message in vivo (Jambor et al. 2011). 
Mutations in the dimerization domain that affect hitchhiking 
of RNAs to the posterior pole do not impair their entry into 
the oocyte (Jambor et al. 2011). Nevertheless, to unambigu- 
ously test the localization capacities of our reporters, we first 
expressed the chimeric oskar 3' UTR RNAs in the germline 
of oskar RNA null flies (osk* 8 ' '/Df(3R)p XT10S ) that express 
no endogenous oskar RNA (Hachet and Ephrussi 2004; Jenny 
et al. 2006; Jambor et al. 2011). 

We analyzed the ability of the oskar 3' UTR RNA variants 
to accumulate in stage 5-6 oocytes, whose size readily allows 
one to distinguish localized from unlocalized mRNA distri- 
butions. As expected, full-length oskar 3' UTR (1028 nt) di- 
rected accumulation of egfp RNA in the oocytes of oskar 
RNA null flies in 100% of egg chambers (Fig. IB). Although 
the expression levels of the analyzed oskar 3' UTR variants 
were comparable as judged by qRT-PCR (data not shown), 
we observed striking differences in their pattern of accumu- 
lation in the oocyte. Deletions removing 499 nt from the 5' 
end (region 1) or 269 nt from the 3' end (region 3) of the 
3' UTR did not impair RNA localization at stages 5-6 (region 

1 + 2, 2 + 3 reporter RNAs) (Fig. 1C,D); reciprocally, neither 
region 1 nor region 3, on its own, promoted reporter en- 
richment in the oocyte (Fig. 1E,F). Therefore region 1, which 
encompasses binding sites for the translational repressor 
Bruno (Kim-Ha et al. 1995), and region 3, which is required 
for oogenesis progression (Vazquez-Pianzola et al. 2011), are 
neither required nor sufficient for oocyte accumulation of 
oskar mRNA. In contrast, the central portion of the oskar 3' 
UTR (region 2) alone provoked RNA enrichment in all oo- 
cytes examined (Fig. 1G). We therefore conclude that region 

2 of the oskar 3' UTR is both necessary and sufficient for en- 
richment of the RNA in the early oocyte. 

We have previously demonstrated using thermodynamic 
folding algorithms, as well as by chemical and enzymatic 
probing, that region 2, which overlaps with the oskar RNA 
dimerization domain, folds into two stem-loop structures 
(Jambor et al. 2011). Deletion of the first stem-loop (region 
2a) did not hamper the ability of the resulting region 2b + 3 
RNA to become enriched in oskar RNA null oocytes (Fig. 
1H). Since region 3 is not required for transport of oskar 
mRNA into the oocyte, we conclude that the localization ac- 
tivity is restricted to region 2b. Consistent with this notion, 
deletion of region 2b from the full-length 3' UTR abolished 
its oocyte enrichment in young egg-chambers (Fig. II). Inter- 
estingly, reporter RNA containing region 2b alone could not 
be detected in the oocyte of oskar RNA null flies (Fig. 1J). 
Thus, additional flanking sequences may be required for 
proper folding of region 2b. Altogether, our data show that 
region 2b (nt 630-759) mediates the enrichment of oskar 
RNA in the oocyte during early oogenesis. 



A stem-loop is required for transport 
of oskar mRNA into the oocyte 

Both oskar and fs(l)K10 mRNAs localize to the oocyte in 
young egg-chambers (stages 2-7). We therefore asked wheth- 
er the oocyte targeting signals of the two RNAs are structur- 
ally and functionally related. To test this, we generated a 
reporter consisting of the EGFP open reading frame, followed 
by the transport/localization signal (TLS) of the fs(l)K10 
mRNA (Serano and Cohen 1995) and the nonlocalizing re- 
gion 3 of the oskar 3' UTR. When expressed in the germline 
of oskar RNA null flies, this chimeric RNA reporter fully re- 
capitulated the early localization of oskar mRNA in the oocyte 
(Fig. IK), demonstrating that the oocyte localization signals 
of oskar mRNA and/s(7 )K1 0 are interchangeable as previous- 
ly proposed (Serano and Cohen 1995). 

The fs(l)K10 TLS forms a 44-nt stem-loop (Fig. 1L; Serano 
and Cohen 1995; Bullock et al. 2010), whereas oskar region 2b 
was shown to form a stem-loop 1 14 nt long (Fig. 1M; Jambor 
etal.2011).To test which portion of the oskar region 2b stem- 
loop is required for oocyte transport, we created versions of 
the region 2 egfp reporter in which either the proximal (lower) 
or the distal (upper) stem of region 2b was deleted (Fig. 2A). 
While reporter mRNA lacking the proximal stem (region 2 
A2b-p) enriched in the developing oocyte similar to the con- 
trol oskar region 2 mRNA (Fig. 2D,E), deletion of the distal 
stem and terminal loop entirely abolished oocyte entry (region 
2 A2b-d) (Fig. 2F). These data demonstrate a critical role of 
the distal 67 nt of region 2b for oskar mRNA oocyte entry. 
However, the palindromic terminal loop that constitutes 
the oskar RNA dimerization domain is dispensable for oocyte 
enrichment, as point mutations within this region (Jambor 
et al. 2011) or deletion of the entire loop (Fig. 2G) caused 
no RNA transport defect. 

The 67-nt distal portion of region 2b is composed of a 
highly conserved stem interrupted by one large and several 
small bulges (Figs. 1M, 2B). Apart from one compensatory 
A -> G substitution that should still allow base-pairing at 
this position, the terminal part of the stem, six bp long, is en- 
tirely conserved among Drosophilids (Fig. 2B). In the case of 
fs(l )K10 mRNA, the most terminal stem — which is AU rich 
— was also shown to be the portion critical for transport dur- 
ing oogenesis (Serano and Cohen 1995). As there is no obvi- 
ous common motif in the primary sequence of oskar region 
2b and the fs(l)K10 TLS (Fig. 1L,M), we tested the impor- 
tance of the secondary structure of the terminal stem of 
region 2b for mRNA transport. We introduced point muta- 
tions (5'mut and 3'mut) designed to disrupt base-pairing 
while maintaining the AU-composition of this region (Fig. 
2C). Both 5'mut and 3'mut mRNAs had a reduced ability 
to localize in oocytes: 5'mut mRNA was enriched in only 
24% and 3'mut in 3% of oocytes at stage 6 (Fig. 2H,I). The 
enrichment of 5'mut in a proportion of oocytes might 
be due to the formation of a new AU-rich stem (predicted 
by mfold) in 5'mut involving several nucleotides of the 
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FIGURE 2. Region 2b forms a stem-loop important for oocyte entry of 
oskar mRNA. (A) Schematic of the secondary structure of the reporter 
mRNAs analyzed in this panel and their localization capacity during ear- 
ly oogenesis. Red indicates stretches with point mutations. (B) 
Alignment of the OES region in 12 Drosophila species with sequenced 
genomes. Highlighted in blue are nucleotides with >90% similarity. 
The experimentally validated secondary structure of the D. melanogaster 
OES is depicted below. A parenthesis indicates a base-paired nucleotide; 
an asterisk indicates a single-stranded nucleotide. Note that the terminal 
stem is almost entirely conserved among all species. (C) Primary se- 
quence of the wild-type oocyte entry signal and the mutations analyzed 
in this panel. (D-K) Stage 5-6 egg-chambers from wild-type flies ex- 
pressing transgenic oskar 3' UTR-region 2 reporter mRNAs fused to 
the EGFP open reading frame under the control of mat-a4-tub-Gal4. 
Reporter RNAs are detected by fluorescent in situ hybridization using 
an eg/p-antisense probe. A star indicates the position of the oocyte nu- 
cleus. Bar, 30 |im. Reporter mRNAs were fused to: region 2 of the oskar 
3' UTR (D); region 2 with deletion of proximal stem of region 2b: A2b-p 
(£); region 2 with a deleted distal stem of region 2b: A2b-d (i 7 ); region 2 
with a deletion of the terminal loop (G); region 2 with a mutated 5' stem 
(H); region 2 with a mutated 3' stem (I); region 2 with mutations in 
both the 5' and 3' stem such that complementarity is restored (/); region 
2 in which the quality of the terminal stem is changed from AU-rich to 
GC-rich (K). 

terminal stem (Supplemental Fig. 1). Restoration of the sec- 
ondary structure by introduction of compensatory mutations 
that should restore base-pairing in the terminal stem 
(5'3'mut) (Fig. 2 J; Supplemental Fig. 1) improved RNA local- 
ization in stage 6 egg oocytes (58% of oocytes showed oskar 
enrichment). These data suggest that the secondary structure, 



but not the nucleotide sequence, of oskar region 2b is critical 
for RNA enrichment in the oocyte. 

Next, we analyzed the importance of base-pair compo- 
sition in the terminal stem for RNA localization. Of the 
six base pairs that form the terminal stem, five are AU and 
one is a GC base pair. Mutation of the AU-richness of the 
stem into GC-richness impaired oocyte accumulation of 
the resulting 5xGC reporter RNA (enrichment in 41% of 
oocytes) (data not shown), and replacement of all AU base 
pairs by GC entirely abrogated RNA enrichment in all oo- 
cytes (region 2 6xGC) (Fig. 2A,C,K). Our data suggest that 
not only the secondary structure but also AU-richness of 
the terminal stem impacts on the early transport of oskar 
mRNA. 

Taken together, our results show that a 67-nt stem-loop 
structure in the 3' UTR that we term the oocyte entry sig- 
nal drives enrichment of oskar mRNA in the oocyte. The 
oskar OES and the fs(l)K10 TLS stem-loop structures ap- 
pear to be functionally equivalent. In addition, the capacity 
of both RNA elements to mediate oocyte import of RNAs 
requires integrity of their terminal AU-rich stems. It is in- 
triguing that two different features of the same stem-loop 
structure regulate two distinct events in oskar mRNA trans- 
port: the OES terminal stem is required for oocyte enrich- 
ment (this study), and the terminal loop for oskar RNA- 
dependent hitchhiking to the posterior pole (Jambor et al. 
2011). 

Dynein-mediated apical transport in syncytial 
embryos requires the osArar entry signal 

Multiple lines of evidence suggest that dynein transports 
oskar mRNA from the nurse cells to the early oocyte (see 
Introduction). Thus, the OES appears to be a zipcode for 
transport by this motor. To further test this notion, we 
injected and observed the localization of fluorescent, in vi- 
tro-synthesized RNAs in living Drosophila blastoderm-stage 
embryos. In this system, dynein-based transport of injected 
mRNAs to the apical cytoplasm (where minus ends of mi- 
crotubules are enriched) has been extensively characterized 
(Bullock and Ish-Horowicz 2001; Wilkie and Davis 2001). 
In control experiments, we demonstrated that the fs(l)K10 
mRNA was enriched apically following injection and that 
this was dependent on an intact TLS sequence (Fig. 3A,B). 
This observation is consistent with the results of earlier 
studies (Bullock and Ish-Horowicz 2001; Bullock et al. 
2010). Also consistent with previous findings, the full-length 
oskar mRNA was enriched apically following injection 
(Fig. 3C), albeit with a less polarized distribution than fs 
(1)K10 (Bullock and Ish-Horowicz 2001). While the oskar 
region 2 + 3 RNA displayed enrichment in the apical cyto- 
plasm (Fig. 3D), this was not the case for region 3 alone 
(Fig. 3H). Furthermore, oskar reporter RNAs, in which 
the complete stem-loop 2b (Fig. 3E) or the OES (Fig. 3F) 
was deleted, were strongly impaired for apical localization. 
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FIGURE 3. Region 2b directs apical localization of transcripts in blastoderm embryos. (A-H) RNA transcripts were injected into blastoderm 
embyos and fixed 8-10 min later (i.e., 8 min after injection of the last embryo). Images are oriented with apical to the top and basal to the bottom. 
Bar, 30 |im. The arrows in A and B indicate the apical cytoplasm of the blastoderm embryo. Schematic representations of the reporter RNAs are 
shown above the images. Thin black line: UTR RNAs, thick black line: ORF, dashed line: deletions, stem-loop: oocyte entry signal (OES) region, 
green rectangle: spliced oskar localization element (SOLE). (A'-H') Categorization of RNA enrichment in the apical cytoplasm. Percentage of 
embryos showing different efficiencies of transport is shown: (++) strong, (+) weak, (+/— ) very weak, (— ) no enrichment, (n) Number of embryos 
scored for each RNA. The following reporter mRNAs were injected: fs(l)K10 RNA, containing the entire 3' UTR and flanking 3' sequences (A— 
A'); a mutated version of the fs(l)K10 RNA, containing a randomized TLS sequence (Bullock et al. 2010) (B-B'); full-length oskar mRNA (C-C); 
region 2 + 3 of oskar 3' UTR (D-D 1 ); region 2 + 3 of oskar 3' UTR bearing a deletion of the region 2b stem (£-£'); region 2 + 3 of oskar 3' UTR 
with a deletion of the distal stem 2b (F-F); region 2 + 3 of oskar 3' UTR with a mutated 3' portion of the terminal stem (G-C); region 3 of oskar 
3' UTR {H-H'). 



The 3' stem mutation of the OES {3'mut) also disrupted 
apical enrichment of RNA following injection (Fig. 3G). 
While these data show that the OES is necessary for apical 
enrichment in Drosophila embryos, a transcript consisting 
of region 2 alone failed to accumulate apically (data not 
shown). It is possible that, for stable folding, region 2 re- 



quires the context of a longer RNA sequence. Indeed, the 
localization activity of region 2 during oogenesis was as- 
sayed in a context where it was fused downstream from 
the EGFP open reading frame. Previous experiments have 
shown that short RNAs harboring apical zipcodes are trans- 
ported inefficiently in the embryo (Dienstbier et al. 2009). 
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Alternatively, there may be qualitative or quantitative differ- 
ences in the localization machineries active during oogenesis 
and embryogenesis. Consistent with this notion, stem-loop 
IV/V, promoting oocyte localization of bicoid mRNA, was 
essential but not sufficient for robust apical transport in em- 
bryos (Snee et al. 2005). 

Taken together, these data show that the oskar oocyte im- 
port signal also promotes the targeting of RNA apically in 
embryos, which is a dynein-dependent process. It is inter- 
esting to note that, although it contains an intact OES, 
the complete oskar mRNA shows less strong apical enrich- 
ment in Drosophila embryos than region 2 + 3 alone (Fig. 
3C,D). This might be due to a negative influence of oth- 
er portions of oskar mRNA on the ability of the OES and 
associated proteins to form a functional RNA:motor com- 
plex in the embryo. Alternatively, it might reflect competi- 
tion between the OES and other RNA signals, such as the 
posterior-targeting SOLE (Ghosh et al. 2012). This latter el- 
ement is located within the open reading frame and drives 
kinesin-based transport of oskar mRNA to the oocyte pos- 
terior pole. 

Anterior localization at stage 8 also involves 
the oocyte entry signal 

After enriching in the developing oocyte at stages 2-7 of 
oogenesis, and prior to its posterior localization, oskar mRNA 
is briefly detected at the anterior cortex (Ephrussi et al. 1991; 
Kim-Ha et al. 1991). The anterior localization of fs(l)K10 
transcripts requires the same RNA motif that is used for 
their transport into the oocyte (Serano and Cohen 1995). 
We therefore assessed whether the OES signal also drives 
oskar mRNA to the anterior cortex. As oskar RNA null flies 
arrest oogenesis at stage 7 (Jenny et al. 2006), we expressed 
the reporter RNAs in wild-type (w 1118 ) flies and probed their 
localization at stage 8 of oogenesis by in situ hybridization 
to egfp sequences in the reporter. The presence of endoge- 
nous oskar mRNA would not influence these experiments, 
as indirect localization through hitchhiking mediates the pos- 
terior localization of intronless reporter RNAs at stage 9 but 
not their anterior enrichment (see Fig. 3H,M in Jambor et al. 
2011). 

Reporter RNAs bearing either the full-length oskar 3' UTR 
RNA or fragments containing the intact oskar oocyte entry 
signal (region 1 + 2, region 2 + 3, region 2), each of which 
was enriched in young oocytes (Fig. 1B,C,D,G), accumulated 
at the anterior cortex at stage 8 (Fig. 4A-D) like oskar mRNA 
(Ephrussi et al. 1991; Kim-Ha et al. 1991). Furthermore, dis- 
ruption of the OES (region 2 3'mut) abolished RNA localiza- 
tion at the anterior cortex (Fig. 4E). In line with its effect 
on oocyte entry, restoring the terminal stem (5'3'mut) re- 
established anterior RNA localization at stage 8 (Fig. 4F). 
We therefore conclude that the same RNA features mediate 
oskar transport into the oocyte and subsequent localization 
at its anterior cortex. 
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FIGURE 4. The oocyte entry signal mediates anterior localization in 
stage 8 oocytes and apical localization in polarized epithelia. (A-O) 
Transgenic VAS-oskar 3' UTR reporters fused to the egfp open reading 
frame were expressed under the control of the mat-a4-tub-Gal4 in the 
germline (A-F), GRJ-Gal4 in follicular epithelial cells (G-L), or fork- 
head-Gal4 in salivary glands (M-O). Reporter RNAs were detected by 
fluorescent in situ hybridization using an eg/p-antisense probe (RNA 
shown in green in M-O). For orientation, the salivary glands (M-O) 
were counter-stained with DAPI to reveal DNA (shown in magenta). 
A star indicates the position of the oocyte nucleus (A-F). Arrows indi- 
cate the apical membrane and arrowheads the basal membrane of sali- 
vary glands and follicle cells (G-O). Bar, 30 um. Above each image is 
a schematic representation of the reporter RNA analyzed. Reporter 
mRNAs were fused to: the oskar 3' UTR (A); region 1 + 2 (B); region 
2 + 3 (C); wild-type region 2 (D,GJ,M); region 2 3'mut (E,H,K,N); 
region 2 5'3'mut (F,I,L,0). 

The osArar entry signal directs apical mRNA 
localization in cells of the follicular epithelium 
and the salivary gland 

The above results suggested that the OES is a zipcode for mi- 
crotubule minus end-directed transport in the germline and 
in early embryos. To test if the OES has a more general role in 
mediating asymmetric RNA localization, we expressed our 
egfp RNA reporters ectopically in other highly polarized cells. 
We first forced reporter expression in the somatic follicular 
epithelium of the egg-chamber using the GR1-GAL4 driver 
and examined RNA localization in these cells at stages 6-8 
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of oogenesis. We found that, as early as stage 5, the egfp re- 
porter RNA fused to region 2 showed an apical accumulation 
in all follicle cells (Fig. 4G), where it was detected until stage 9 
(Fig. 4J). Mutations disrupting the terminal stem (3'mut) 
strongly reduced the apical enrichment of the reporter 
RNAs in follicle cells at both stage 5 and stage 8 (Fig. 4H, 
K). When expressing region 2 RNA bearing the compensato- 
ry 5'3' mutation {5' 3'mut), a weak enrichment of the apical 
reporter mRNA was detected (Fig. 4I,L). 

A weak apical enrichment in follicle cells was previously 
documented for a reporter mRNA fused to the entire oskar 
3' UTR expressed under heat-shock promoter control (Kar- 
lin-Mcginness et al. 1996). Our data show that the terminal 
stem of region 2b is required for apical localization of oskar 
mRNA in follicle cells. Several mRNAs have been shown 
to localize to the apical membrane of the follicle cells in a 
dynein-dependent mode, such as std (Horne-Badovinac and 
Bilder 2008) and upd mRNAs (Van De Bor et al. 2011). How- 
ever, the features of their respective transport signals and 
their similarity to the OES are, so far, unclear. 

We also assayed the activity of the OES in the highly polar- 
ized cells of the larval salivary gland. During the growth of the 
larva, the salivary gland cells secrete essential glue proteins 
from their apical side into the central lumen of the gland. 
The orientation of the microtubules in these cells has been in- 
ferred from the localization of motor proteins that move to- 
ward the minus or plus ends (nod-lacZ and kinesin-lacZ, 
respectively) (Myat and Andrew 2002). It was concluded 
that the minus ends of microtubules are enriched near the 
apical surface (proximal to the gland lumen), with plus 
ends extending toward the basal side of the cell (Myat and 
Andrew 2002). When expressing the region 2 reporter in sali- 
vary glands, we observed a striking accumulation of the RNA 
at the apical membrane facing the gland lumen (Fig. 4M). In 
contrast, the 3'mut reporter RNA displayed a greatly reduced 
apical accumulation, with the RNA detected at both the api- 
cal and the basal membrane of the cell (Fig. 4N). The doubly 
mutant 5' 3'mut reporter RNA, which bears compensatory 
mutations in the OES that partially restore its function in 
the egg-chamber, was transported predominantly to the api- 
cal membrane in the salivary gland cells (Fig. 40). In salivary 
glands of flies expressing the fkh-Gal4 driver alone, no egfp in 
situ signal was observed, indicating specificity of the detec- 
tion method (data not shown). Our data show that the cellu- 
lar machinery required to recognize and interpret the oskar 
OES is present and functional both in follicular epithelial 
cells and salivary gland cells. 

We find that the 67-nt-long OES promotes transport of 
oskar and heterologous RNAs from the nurse cells into 
the oocyte and that it also drives the targeting of RNAs api- 
cally in embryos, follicle cells, and salivary glands. These 
observations suggest that this signal represents a cell-type-in- 
dependent zipcode for microtubule minus end-directed 
transport. It is noteworthy that the OES shares some similar- 
ity in secondary structure with the oocyte transport and an- 



terior localization signal of fs(l)K10 (Fig. 1L,M), as well as 
with the stem-loop elements that drive minus end- directed 
transport of gurken during oogenesis and hairy and wingless 
RNAs during embryogenesis (Serano and Cohen 1995; 
Bullock et al. 2003, 2010; Van De Bor et al. 2005; dos Santos 
et al. 2008). In the future, it will be interesting to decipher the 
critical features defining this zipcode. Recently, a global anal- 
ysis identified 134 transcripts among 3370 assayed that show 
apical localization in D. melanogaster embryos (Lecuyer et al. 
2007) and which, therefore, may harbor a signal with activity 
similar to that of the oskar OES and/s( 1 )K10 TLS. In light of 
such pervasive mRNA localization, it will be interesting to 
determine whether colocalized mRNAs share a common zip- 
code and, furthermore, how these zipcodes are interpreted in 
other cell types and related species. 

One candidate to directly bind the OES is the Egl protein. 
Egl is a noncanonical RNA binding protein that, togeth- 
er with its binding partner BicD, links minus end- directed 
RNA zipcodes of several RNAs that localize in oocytes and 
embryos using dynein (Dienstbier et al. 2009). Indeed, it 
has been shown that Egl is recruited to apically localized oskar 
RNA in the embryo (Bullock and Ish-Horowicz 2001). 

Our demonstration that, in addition to the SOLE element 
for posterior localization, oskar mRNA contains a signal for 
oocyte entry and anterior localization reveals that a single 
mRNA can simultaneously harbor opposing zipcodes. The 
fact that these signals target the RNA to distinct locations 
indicates that these conflicting RNA elements must be tightly 
regulated over the course of oogenesis. Specifically, the OES, 
which drives dynein-based transport of oskar mRNA into the 
oocyte during early oogenesis, must somehow be deactivated 
or overruled at the transition from stage 8 to 9 to permit 
the kinesin- 1 -based posterior localization of the mRNA. By 
precisely deciphering the zipcodes that control transport of 
mRNAs by different molecular motors and how they interact 
within a single RNA, it should ultimately be possible to pre- 
dict the intracellular destination of mRNAs. 

Our work further highlights the fact that several ris-re- 
gulatory signals can occur within a single RNA secondary 
structure. We have identified the terminal stem of region 2b 
as being critical for oocyte entry, while the terminal loop of 
the same structure was previously shown to promote mRNA 
hitchhiking (Jambor et al. 2011). Such a dense organization 
of regulatory signals also emphasizes the importance of pre- 
cisely mapping functional elements in mRNAs. 

The posterior activity of Oskar protein is essential for 
abdomen and germ cell formation in the embryo, but the ex- 
tent to which the different steps of oskar mRNA localization 
contribute to embryonic patterning remains an open ques- 
tion. Oocyte accumulation of oskar mRNA early is essential 
for oogenesis progression (Jenny et al. 2006) and is, there- 
fore, a prerequisite for posterior localization of the mRNA 
during mid-oogenesis. The mid-oogenesis localization of 
oskar mRNA is required to generate an initial pool of poste- 
rior Oskar protein, which is critical for anchoring the mRNA 
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at the posterior pole (Markussen et al. 1995; Rongo et al. 
1995). In addition, it has been shown that, during the late 
stages of oogenesis (10B onward), oskar mRNA undergoes 
another phase of accumulation and translation that con- 
tributes importantly to embryonic patterning (Snee et al. 
2007; Sinsimer et al. 2011). This accumulation involves 
movement of oskar mRNA throughout the oocyte by cyto- 
plasmic streaming and anchoring via a mechanism involving 
Rump, Lost, and Oskar protein itself (Glotzer et al. 1997; 
Sinsimer et al. 2011) and coincides with the dumping of 
nurse cell cytoplasm — including any residual oskar mRNA, 
presumably independent of any OES-mediated transport — 
into the oocyte. Our work describing the zipcode for oocyte 
entry should enable further dissection of different phases of 
oskar mRNA localization and determination of their respec- 
tive contributions to embryonic patterning. 

MATERIALS AND METHODS 

oskar 3' UTR: A Styl-Maelll fragment of the plasmid pBS-oskar 3' 
UTR was subcloned into the StuI site of the pUT7 vector, a pUC18 
derivative containing a T7 RNA polymerase, oskar 3' UTR variants 
were PCR-amplified from pUT7 templates with primers attaching 
BamHI restriction sites, and TA cloned. BamHI fragments were 
then subcloned into pUASpGWAKlO to generate the respective 
egfp RNAs. To generate pUASpGWAK 1 0, the Kl 0 terminator was re- 
moved from pUASp (Rorth 1998) by Xbal and PstI digestion, fol- 
lowed by blunting and religation of pUASp. The egfp open reading 
frame (ORF) was amplified from pCRII-TOPO-EGFP with primers 
attaching Kpnl and NotI sites, digested, and cloned to Kpnl-Notl-di- 
gested pUASpAKlO. The KlO-region 3 construct was generated by 
blunt cloning a double-stranded (ds) DNA fragment containing 
the js(l)KL10 TLS to the 5' end of the oskar 3' UTR region 3. The 
ds DNA encompassing the fs(l )K10 TLS was generated by primer 
alignment, oskar 3' UTR region 2 mutants were generated by PCR 
mutagenesis (Quick Change PCR kit, Qiagen). The following oskar 
fragments were analyzed (deletions: [...], mutations: capital letters): 

oskar region 1 

(gatcgagatctcgatcccgcgaaattaatacgactcactataggcaaggaaccctatctgttctgg 
aacaaaatcggtcggcagcgcgtactgcaagttattgaaacgagtctggagtattaagttggg 
ttcttaatcaagatacatatatgcaaattttgactgggctggcaccggaaccgacaaaataag 
aactttttgatgattttacgatttacgctgatggatcgctgcttttacggaattcgcttagttttaat 
atgttttatatgtagtatgttctctgtctttgtttatttatatgttcgtgcacttgtcctagtccattattgta 
attattgtgtgttttgtgttctatgttagatttaaacttctcaatttttcgctgtctgtgatttgttttg 
ccaatgccattgattttctgcacactttttgctgctatcccaaaagctgtgtaaaataatcaaatg 
caaaataagcgcaagcagctgaaaacttctcttcaaacttttccgcttttcccaaaaccattttg 
ctttgaaatctgtttttaccaaatcagattaaactgcaaaatggaacttaaatgcaaatcattgc 
aatgcttataaactgttttt) 

oskar region 2 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgctttacttggaaaattcgcttgcacaaaatcaacgccgcggctgattta 
ttattgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgtctttctgtttccgtt) 

oskar region 3 

(tgcaaaaaagtttataaaatgcttacactctgctgcagacacgccaaccggaagtgcgcactaag 
cgcttgtttgtagcacagtgtagaattctggcgtaatttacagctctactttaaagtcttctagata 



gctatctactatttataaacttatttattgtcttgaatgtatgttaattgtatgtattgatggtgatca 
cgttttttttgtcctataacaagctgcaatgtaaaatccaaaaaaaaaatgaaaaaataaaat 
aaaagggaaatcaaaaaaaaaaaaaaaaaaaaaaaataaaaaaaaaaaaaaaaggaatgc 
tgcggccgccaccgcggtggcctaccaggggatcc) 

oskar region2b 

(aatgaaaatgcactgctttacttggaaaattcgcttgcacaaaatcaacgccgcggctgattta 
ttattgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgt) 

oskar region2 A2b-p 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
[ . . . ] tggaaaattcgcttgcacaaaatcaacgccgcggctgatttattattgatgtgctcaa 
gcaaattca [ . . . ] ctttctgtttccgtttgcaaaaaagtt) 

oskar region 2 A2b-d 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgctttact [ . . . ] agtgaagcatttgcgcgattttcgtctttctgtttccgtt 
tgcaaaaaagtt) 

oskar region2 5'mut 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgctttacttggaaaattcgcttgcacaTTTAGTacgccgcggctga 
tttattattgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgt) 

oskar region 2 3'mut 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgctttacttggaaaattcgcttgcacaaaatcaacgccgcggcACT 
AAAattattgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgt) 

oskar region 2 5'3'mut 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgctttacttggaaaattcgcttgcacaTTTAGTacgccgcggc 
ACTAAAattattgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgt) 

oskar region 2 5xGC 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgccccgtcctggaaattcgcttgcacaGGGCTGacgccgcggc 
CAGCCCattattgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgtctt 
tctgtttccgtttgcaaaaaagtt) 

oskar region 2 6xGC 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgccccgtcctggaaattcgcttgcacaGGGCCGacgccgcggc 
CGGCCCattattgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgtctt 
tctgtttccgtttgcaaaaaagtt) 

oskar region2 Aloop 

(tgttctatatacttttgtgtgggtcaaaattcggcatgctcctgtatcacacaacctgccacttgccc 
ttaaaaagaagggcgcagtgggcgtggtacgtatacatatgagccatgctgcattttggccgt 
aatgaaaatgcactgctttacttggaaaattcgcttgcacaaaatcaacg[ . . . ] ctgatttatt 
attgatgtgctcaagcaaattcaagtgaagcatttgcgcgattttcgt) 

qRT-PCR 

Quantitative RT-PCR was performed on cDNAs generated from 
ovaries of flies expressing the respective transgenes. Amplified 
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product was detected using the SYBRGreen (Ambion) system on an 
ABIPrism7500 real time PCR apparatus. The egfp portion of the 
transgenic RNAs was amplified using primers specific for the 
EGFP ORF and values normalized to rp49. The amplification effi- 
ciency was determined using serial dilutions of a cDNA mix from 
all samples. 

Whole-mount in situ hybridization 

In situ hybridization was performed as described (Hachet and 
Ephrussi 2004). Antisense probes for the egfp and oskar coding se- 
quences (cds) were generated by in vitro transcription (Ambion, 
Megascript) and detected using HRP-conjugated sheep anti-DIG 
antibody (1:200; Roche) followed by Cy3-tyramide signal amplifica- 
tion (Perkin Elmer). For all experiments at least 20 egg-chambers 
were scored to determine RNA localization. 

Fluorescent RNA synthesis and embryo injections 

Cy3-labeled RNAs were in vitro-transcribed and injected into blas- 
toderm embryos as described (Bullock and Ish-Horowicz 2001). 
Embryos were fixed 8-10 min after injection (i.e., 8 min after injec- 
tion of the last embryo). Scoring was performed using a Zeiss 510 
confocal microscope. For each embryo, the extent of apical RNA 
localization was classified into one of four categories: ++, efficient 
localization (the vast majority of fluorescent signal in the apical cy- 
toplasm, where it concentrates in puncta apical to the nuclei); +, 
weak localization (substantial RNA signal in the basal cytoplasm, 
but clear concentration of RNA in apical puncta relative to the back- 
ground signal); +/— , very weak localization (apical puncta only just 
visible above levels of fluorescence in basal cytoplasm); — , no apical 
localization (no discernible concentration of RNA in apical puncta). 
Scoring the same transcripts on different days of injection produced 
very similar results. The fs(l)K10 RNA corresponds to the entire 
1432-nt 3' UTR and an 860-nt portion of the 3' genomic sequences. 
The TLS-mut RNA contains a randomized version of the TLS within 
the fs(l)K10 RNA (Bullock et al. 2010). 

Fly stocks 

w 1118 flies were used as the wild- type control, except for embryo in- 
jections, when Oregon-R flies were used. The oskar RNA null geno- 
type was described in Jenny et al. (2006) and was trans-heterozygous 
for osk AS7 (Vanzo and Ephrussi 2002) and Df(3R)p XT103 (Lehmann 
and Nusslein-Volhard 1986). UAS-coupled genes were expressed in 
the germline using pCog-Gal4:VP 16 (Rorth et al. 1998), nanos-Gal4: 
VP16 (Rorth et al. 1998), and mat-a4-tub-Gal4:VP16 (Bloomington 
stock #7062) promoters. Expression in follicle cells was under the 
control of GR1-Gal4 (Bloomington stock #36287), and salivary 
gland expression was under the control of forkhead-Gal4 (Hender- 
son and Andrew 2000). 

Microscopy 

Except for embryo injection assays (see above), a confocal micro- 
scope (DMR-E, Leica) equipped with a scan head (TCS SP2 
AOBS; Leica) and an oil-immersion 20x 0.7 NA objective (Leica) 
was used for image collection. Images were acquired at a 2x 



zoom and edited with Adobe Photoshop CS and FIJI (Schin- 
delin et al. 2012). When necessary, images of egg-chambers were 
oriented along the anterior-posterior axis and images rendered 
rectangular. 

SUPPLEMENTAL MATERIAL 

Supplemental material is available for this article. 
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